La Piedad Michoacan Paramyxovirus (LPMV) is a recently recognized paramyxovirus infecting pigs throughout Mexico. Disease syndromes observed in field cases associated with LPMV infection include neurologic, respiratory, and reproductive disorders. Clinical signs and the distribution of LPMV virus and antigen in tissue samples from pigs experimentally infected with LPMV by natural routes were studied. Severe neurologic disease and death occurred following experimental inoculation of 3-and 17-day-old pigs. All of the pigs inoculated at 3 days of age were either dead or moribund by 8 days after inoculation, whereas 30% of the pigs inoculated at 17 days of age were affected. Virus was consistently recovered from or demonstrated in tissues from the respiratory tract of both groups of pigs. LPMV and antigen were also demonstrated in central nervous system (CNS) tissues from these pigs; however, differences in virus distribution within the CNS were demonstrated in the 2 groups. In the pigs inoculated at 17 days of age, isolation of LPMV was restricted to the olfactory bulb and midbrain. In contrast, in the pigs inoculated at 3 days of age, isolation of LPMV was more widespread throughout the CNS tissue examined. Virus excretion studies indicated that nasal spread of LPMV was more important than fecal spread. Comparatively large quantities of infectious LPMV were consistently recovered from urine samples of experimentally infected pigs.
vous system signs were less common and less obvious, and mortality rates were very low. The causal agent was confirmed as a paramyxovirus and named La Piedad Michoacan paramyxovirus (LPMV) 7 or blue eye paramyxovirus. 8 Since the initial report, LPMV infection of pigs has spread throughout Mexico with disease outbreaks recorded in many states. 9 Portions of the genome of LPMV have recently been sequenced, and some homology between LPMV and the mumps virus group of paramyxoviruses has been reported. 2, 4, 12 Although clinical signs, histopathology, and tissue distribution of virus following naturally occurring LPMV infection of pigs have been reported, 9 there are few detailed studies of the pathogenesis of the porcine paramyxovirus following experimental infection by natural routes. 9 Here, we report the results of a detailed sequential study of virus distribution in tissues of pigs experimentally infected with LPMV by a natural route, as determined by immunofluorescence staining and virus isolation techniques. In addition, we report the results of virus excretion studies following experimental infection of pigs with LPMV.
Materials and methods
Virus. A cell culture isolate of the porcine paramyxovirus, designated LPMV-85, was used throughout this study. This virus was originally isolated in Mexico from brain tissue of a pig exhibiting clinical signs typical of LPMV infection 10 and has been characterized at protein and genomic levels. 1, 2, 4, 11, 12 Following receipt of this isolate at the Veterinary Sciences Division, the virus was purified by 3 passages at limiting dilution in continuous pig kidney cell cultures (PK/ 15), and a working pool was prepared. The infectious titer of this working pool was calculated to be 10 7.50 TCID 50 /0.1 ml, following inoculation of serial 10-fold dilutions in PK/ 15 cell cultures. This virus pool was examined for evidence of contamination with pseudorabies virus, classical swine fever virus, and hemagglutinating encephalitis virus using direct immunofluorescence (IF) staining of acetone-fixed cell culture preparations. No evidence of contamination of the LPMV preparation with these viruses was detected.
Antiserum. A hyperimmune antiserum to the LPMV-85
isolate was prepared in a rabbit. Initially, this rabbit was inoculated with 1 ml of the virus working pool mixed with an equal volume of purified saponin a injected intramuscularly at 4 sites. Four weeks later, the rabbit was given an intravenous inoculation of 0.5 ml of the LPMV-85 virus alone, and blood samples were collected after a further 2 wk. The immunoglobulin from this sample was separated and conjugated to fluorescein isothiocyanate (FITC). 6 This conjugate was then titrated by serial 2-fold dilution in phosphate buffered saline (PBS) (pH 7.2) and applied to acetone-fixed coverslip preparations of LPMV-infected PK/15 cell cultures. The IF titer was 1/10,024, and the conjugate was used at a 1/400 dilution in PBS for immunostaining of acetonefixed cell cultures and cryostat sections of tissues. 5 Pigs. All the pigs used in this study were obtained from a closed, minimal disease Large White breeder/finisher unit. These animals were shown to be free of infection with LPMV, pseudorabies virus, porcine parvovirus, and classical swine fever virus by using indirect IF tests on sera from these pigs on acetone-fixed virus-infected cell cultures. Experiment 1. Thirty 3-day-old colostrum-fed pigs were used in this experiment. These animals were obtained from 3 litters, housed in animal accommodation under negative air pressure and fed a mixture of equal volumes of 1% dextrose in water and full cream evaporated milk b for the duration of the experiment. Twenty-seven pigs were each inoculated by intranasal and eyedrop routes with 10 7.00 TCID 50 of the LPMV-85 virus pool. This inoculum was administered in 2 5-ml doses 6 hr apart. One pig was euthanized on each of days 1, 2, 3, 4, 5, 7, and 8 after infection by intravenous barbiturate injection, and tissue samples ( Table 1) were processed for virus isolation and cryostat sectioning. For virus isolation, approximately 10% (w/v) suspensions of each of the tissue samples were prepared in minimal essential medium containing Earle's salts and 100 µg/ml of gentamicin. Following centrifugation at 3,000 x g for 30 min, the supernatant fluids were removed and inoculated into PK/15 cell culture preparations, and the cultures were incubated for 6 days at 37 C. The cell cultures were then subjected to 1 freeze/thaw cycle, and the resulting cell lysate was assayed for hemagglutination (HA) activity using 0.8% chicken red blood cells in PBS. HA-positive lysates were inoculated into coverslip cell culture preparations of PK/15 cells, and after incubation at 37 C for 24 hr. the coverslip preparations were fixed in acetone and immunostained for LPMV antigen using the FITC conjugate. HA-negative cell lysates were inoculated into fresh PK/15 cell cultures, incubated for a further 6 days at 37 C, and assayed for HA and IF. Tissue samples for cryostat sectioning were processed and immunostained. 5 Three pigs held in separate animal accommodation were used as controls. These animals were inoculated with 10 ml of uninfected PK/15 cell lysate using the procedures described above, and 1 pig was euthanized on each of days 1, 4, and 8 after inoculation. Tissue samples for virus isolation and immunostaining were taken from these animals and processed as described above.
Experiment 2. Thirty 17-day-old pigs were used in this experiment. These animals were housed in accommodation similar to that described above for the 3-day-old pigs. Twenty-seven pigs in this group were inoculated with LPMV using the same virus pool, volume of inoculum, and inoculation schedule as for the 3-day-old pigs. One pig from this group was euthanized on each of days 1, 2, 3, 4, 5, 7, 8, 9, 11, and 14 after inoculation, and tissue samples were taken ( Table  2 ) and processed for virus isolation and immunostaining of cryostat sections as described above.
Three pigs from this group held in separate accommodation were used as controls. These animals were inoculated with uninfected PK/15 cell lysates, and tissues were processed as described for the control pigs in experiment 1.
The remaining pigs in experiments 1 and 2 were euthanized at selected time points after infection, and the tissues were processed for other studies to be reported at a later date. Experiment 3. Thirty 17-day-old pigs were used in this experiment, which was designed to quantify the amount of LPMV in tissues and fluids of infected animals and the virus excretion patterns of LPMV-infected pigs. These animals were housed in accommodation similar to that described for the pigs in experiments 1 and 2 and inoculated with LPMV using the same virus pool and inoculation procedures. Rectal and nasal swabs were collected from 6 pigs on each of days 1, 2, 3, 4, 5, 7, 8, 9, 11, and 14 after inoculation and processed for virus isolation. In addition, 2 pigs were euthanized on each of these days, and feces, urine, and nasal mucosa were processed for titration in cell cultures to quantify virus load. Exact 10% suspensions (1 g of specimen in 9 ml diluent) were made from these samples, and the supernatants, obtained following centrifugation, were titrated by serial 10-fold dilution before inoculation of a 0.1-ml volume per dilution into each of 4 PK/15 cell cultures. These cultures were processed for virus isolation as described above and titration end points were read using HA on cell lysate preparations.
Blood samples were obtained from all pigs used in experiments 1, 2, and 3 immediately prior to euthanasia, and serum and buffy coat samples were prepared and processed for serologic studies and/or virus isolation.
Results

Experiment 1. Clinical signs of LPMV infection
were first noted in the pigs used in this experiment at 5 days after inoculation with the virus pool. These signs included a mild increase in respiratory rate, dullness in all inoculated animals, and trembling and incoor-dination in a few animals. Clinical signs in all inoculated animals progressed rapidly from 5 days and were characterized by severe respiratory distress, rigidity, arched back, and severe muscle tremors in all animals by 7 days after inoculation. By 8 days after inoculation, all experimentally infected animals were either dead or moribund and were euthanized. No clinical signs were observed in the control animals.
The results of virus isolation studies and IF staining of cryostat sections of tissues from these experimen-tally infected pigs are presented in Table 1 . In general, virus isolation was more sensitive than IF staining of cryostat sections for the detection of LPMV. In total, LPMV was isolated from, or antigen was detected in, 72 tissues. Of these, 32 (44.4%) were positive by virus isolation and IF, 28 (38.8%) were positive by virus isolation only, and 12 (16.6%) were positive by IF only. For the majority of specimens processed for virus isolation, LPMV was recovered after inoculation of original material and 1 passage in cell cultures for 6 days.
LPMV was consistently recovered from, or LPMV Experiment 2. Clinical signs observed in the antigen was demonstrated in, the respiratory tract (na-used in this experiment following inoculation sal mucosa, trachea, bronchial mucosa, lung) ( Fig. 1 ). LPMV were less severe than those observed in the With the exception of day 4, LPMV was also isolated inoculated at 3 days of age in experiment 1. Mild from or demonstrated in tonsil throughout the exper-vous and respiratory signs were first observed in pigs with pigs nerapiment. In contrast, LPMV was recovered from, or dem-proximately 30% of these pigs at 6 days after inocuonstrated in, a range of central nervous system (CNS) lation, and by 8 days after inoculation a few pigs were tissues (Fig. 2) only in the later stages of the infection moribund. Most pigs (approx 60%) within this group (from day 4 onwards) and only 2 isolates were recov-appeared clinically normal for the duration of the exered from lymph nodes. LPMV was isolated from, or periment; however, serology results indicated that all LPMV antigen was demonstrated in, intestinal tissues pigs had been infected (data not shown). No clinical also in the later stages of the experiment and only signs were observed in the control pigs. sporadically. No virus was isolated from feces, serum,
The results of virus isolation and IF staining of cryor buffy coat samples taken from these pigs.
ostat sections of tissues from these pigs are presented in Table 2 . As in experiment 1, virus isolation was more sensitive than IF as a method of detecting LPMV. Of the 70 tissues where LPMV was isolated or antigen was detected, 23 (32.9%) were positive by both methods, 31 (44.3%) were positive by virus isolation only, and 13 (18.6%) were positive by IF only. Three tissues (4.2%) not tested by IF were positive by virus isolation only. Virus was recovered from, or demonstrated in, 1 or more tissue samples from the respiratory tract (trachea, nasal mucosa, lung) or from tonsil throughout the experiment, with the exception of the pig euthanized 14 days after inoculation. In contrast, virus isolation from CNS tissues was limited and confined to the midbrain (Fig. 3 ) and olfactory bulb. However, noculated at 17 days of age discrete foci of LPMV antigen were demonstrated in cervical spinal cord from the pig euthanized 5 days after inoculation and in cervical, thoracic, and lumbar regions of spinal cord from the pig euthanized 7 days after inoculation. Several isolates of LPMV were made from lymph nodes (bronchial, mesenteric, parotid) throughout the experiment, and virus was also recovered from ovary (day 8 after infection) and testis (day 5 after infection). In addition, LPMV was demonstrated in tissue sections of pancreas on days 4, 8, 9, and 11 after inoculation (Fig. 4) . Only 3 isolates of LPMV were recovered from intestinal tissues, and only 1 isolate was recovered from feces. LPMV was isolated from the serum sample taken from the pig euthanized 2 days staining of LPMV antigen in cryostat tissue section of pancreas from a pig inoculated at 17 days of age after infection. This was the only isolate of LPMV from serum and/or buffy coat samples taken from throughout experiments 1, 2, and 3.
No LPMV was isolated from or demonstrated in tissue samples from control animals in experiments 1 and 2. Experiment 3. The results of virus isolation tests on rectal and nasal swabs taken from 6 pigs from this group are presented in Table 3 . LPMV was recovered sporadically from a total of 18 nasal swabs taken from day 2 until day 9 after inoculation, with the majority of the isolations occurring between 3 and 7 days after inoculation. LPMV was recovered from only 3 of the rectal swabs taken throughout the experiment.
The results of titrations of LPMV infectivity on feces, urine, and nasal mucosa tissues taken at necropsy from pigs in this group are presented in Table 4 . The titers obtained following titration of 10% suspensions of samples of nasal mucosa were consistently < 10 2.00 TCID 50 /0.1 ml, with the exception of 1 sample from a pig euthanized 5 days after infection (10 3.25 TCID 50 / 0.1 ml). Very little virus was recovered from fecal samples taken from necropsied animals throughout this experiment. Titers up to 10 2 .
75 TCID 50 /0.1 ml of LPMV were recorded in urine samples recovered from pigs euthanized between 5 and 11 days after inoculation.
Discussion
411
This is the first detailed sequential study of virus distribution in tissues and body fluids and virus excretion following experimental inoculation of pigs with LPMV by a natural route. LPMV is a comparatively newly recognized infectious agent, and the results obtained constitute an important aspect of its character-ization. Experimental infections of small numbers of 1-day-old pigs with LPMV by intranasal, intracranial, and intratracheal routes have been previously reported. 9 LPMV was consistently recovered from brain and tonsil and occasionally from the lung, blood, spleen, liver, kidney, retropharyngeal lymph node, and turbinates.
The results of the present study confirm field observations that clinical signs following LPMV infection are dependent on the age of the pigs. In 3-day-old pigs, experimental infection with LPMV induced severe neurologic signs in all animals from 6 days after infection until eventual death at 8 days after infection. However, only approximately 30% of the pigs experimentally infected with LPMV at 17 days of age exhibited neurologic signs. The remaining animals appeared clinically normal throughout the duration of the experiment. No clinical signs were seen in any of 16 30-day-old pigs experimentally infected with LPMV (data not shown).
Both virus isolation and IF staining of cryostat sections were used in the present experiments to establish the sites of replication of LPMV following experimental infection. In general, virus isolation was more sensitive than IF staining. This difference is probably at least partially attributable to the very localized nature of the sites of replication of LPMV within tissues. In some tissue sections examined during this study, only a single focus of infection comprising 1 or 2 infected cells was observed. This tissue localization of LPMV replication could contribute to false-negative results, emphasising the desirability of using a combination of both techniques to increase accuracy of diagnosis.
Examination of a wide range of tissue samples from pigs sequentially euthanized in experiments 1 and 2 revealed a number of similarities in virus distribution in these different aged animals. However, differences in the distribution of virus in tissues from both age groups were also noted. Virus replication in the respiratory tract and tonsil from 1 day after inoculation was a consistent finding in both groups of pigs, indicating that the primary site of replication of LPMV may be located in these tissues. In contrast, significant differences were noted in virus distribution in CNS tissue following experimental infection of the 2 groups of pigs. Following inoculation of 3-day-old pigs with LPMV, virus was recovered from and viral antigen was demonstrated in a wide range of CNS tissue from 4 days after inoculation until the end of the experiment (8 days after inoculation). Following inoculation of 17day-old pigs with LPMV, virus was only consistently recovered from and/or demonstrated in samples of midbrain and olfactory bulb from 3 to 11 days after inoculation. These differences in virus distribution within the CNS are related to the age of the pigs at the time of infection and may reflect differences in the dissemination of virus from the primary site of replication to the CNS. In older pigs, LPMV invasion of the CNS may occur in a manner similar to that recorded for low and moderately virulent strains of pseudorabies disease virus. 3 Virus replication may initially occur in the nasal mucosa and spread to the CNS via the trigeminal and olfactory nerves and subsequently remain localized in the olfactory bulbs and midbrain. In younger pigs, the concurrent appearance of LPMV throughout the CNS at 5 days after experimental infection and the isolation of LPMV from samples of trigeminal nerve and olfactory system from 4 days after inoculation could indicate a dual method of spread of the virus to the CNS. This route would involve primary replication of the virus in the upper respiratory tract or tonsil followed by movement through the trigeminal and olfactory nerves combined with a viremia and passage across an immature blood-brain barrier. The isolation of LPMV from only 1 of the serum and buffy coat samples taken from experimentally infected pigs during this study indicates that an extremely transient and/or low level viremia occurs following LPMV infection.
The virus excretion studies reported here indicate that excretion via the respiratory tract and in urine are important methods of spread of LPMV. Virus was recovered more consistently from nasal swabs (18) than from rectal swabs (3) from the 6 animals sampled over a 14-day period after inoculation. In addition, only minimal amounts of virus were recovered from 3 of the 20 fecal samples collected at necropsy from pigs in experiment 3; no virus was isolated from the other 17 samples. In contrast to this finding, LPMV was isolated from 12 of the 20 samples of nasal mucosa taken from these pigs and was consistently recovered from all the nasal mucosa samples taken from the pigs euthanized from day 4 to day 8 after inoculation. LPMV was also recovered at comparatively high titers from urine samples from pigs in experiment 3 euthanized between days 5 and 9 after infection, with maximum titers of virus recovered at day 8 after inoculation. Although the maximum titer of LPMV obtained following titration of urine from an infected pig was only 10 2.75 TCID 50 /0.1 ml, this concentration represents the amount of virus detected in 0.1 ml of a 1/10 dilution of a urine sample and, when adjusted to reflect the expected titers of virus found in the volumes of urine excreted by a pig, represents a substantial source of infectious LPMV particles.
The results reported here provide important information for the elucidation of the pathogenesis and epidemiology of LPMV infection in pigs. More detailed studies utilizing immunostaining of tissues at the light and electron microscopic level are in progress to fully characterize the cell types involved in the pathogenesis 
